Abstract. Polycyclic aromatic hydrocarbons (PAHs) are USEPA regulated priority pollutants. Their low aqueous solubility requires very sensitive analytical methods for their detection, typically involving preconcentration steps. Presented is the first demonstrated 'proof of concept' use of condensed phase membrane introduction mass spectrometry (CP-MIMS) coupled with direct liquid electron ionization (DEI) for the direct, on-line measurement of PAHs in aqueous samples. DEI is very well suited for the ionization of PAHs and other nonpolar compounds, and is not significantly influenced by the co-elution of matrix components. Linear calibration data for low ppb levels of aqueous naphthalene, anthracene, and pyrene is demonstrated, with measured detection limits of 4 ppb. Analytical response times (t 10%-90% signal rise) ranged from 2.8 min for naphthalene to 4.7 min for pyrene. Both intra-and interday reproducibility has been assessed (<3% and 5% RSD, respectively). Direct measurements of ppb level PAHs spiked in a variety of real, complex environmental sample matrices is examined, including natural waters, sea waters, and a hydrocarbon extraction production waste water sample. For these spiked, complex samples, direct PAH measurement by CP-MIMS-DEI yielded minimal signal suppression from sample matrix effects (81%-104%). We demonstrate the use of this analytical approach to directly monitor real-time changes in aqueous PAH concentrations with potential applications for continuous on-line monitoring strategies and binding/adsorption studies in heterogeneous samples.
Introduction

T
here is a growing interest in the development of on-line, real-time analytical methodologies to allow the direct detection of trace level analytes in complex samples. The combination of atmospheric pressure ionization (API) methods with portable MS technologies offers great potential in chemical analysis, and researchers in various fields are taking advantage of these developments [1] . Potentially, these approaches can provide rapid analytical results, reducing time delays and possible contamination/losses from sample work-up and off-line measurement by conventional methods (e.g., GC or LC-MS). One of these on-line approaches, membrane introduction mass spectrometry (MIMS) [2, 3] , uses a semipermeable membrane interface to transfer analytes from complex samples (gaseous, aqueous, or slurry) to a mass spectrometer for their measurement, and we have demonstrated that it is well suited to the incorporation in portable MS systems [4] . With MIMS, analytes are directly transferred from the sample as a mixture based on their individual permselectivity in the membrane material, with no chromatographic separation. The acceptor phase that transports analytes from the permeate (back) side of a membrane to the mass spectrometer can be gaseous (ideal for volatile analytes), or a condensed phase (i.e., a liquid, suitable for low to nonvolatile species). We have categorized these variants as either gaseous acceptor phase MIMS (GP-MIMS) or condensed acceptor phase MIMS (CP-MIMS) [3] . The nature of the acceptor phase and the characteristics of the analyte dictate the type of ionization source required for a particular MIMS measurement. Analyte permeation characteristics provide a degree of discrimination at the membrane level, but the use of selective ionization approaches (e.g., chemical ionization, CI) as well as employing unique m/z or tandem mass spectrometry (MS/MS) allows for the rapid, simultaneous resolution of co-permeating analytes. The membrane also rejects bulk matrix components that may result in ionization suppression, increasing the sensitivity over 'dilute-and-shoot' approaches [5] [6] [7] [8] .
The majority of MIMS experiments have employed polydimethylsiloxane (PDMS, or Silicone) membranes in both sheet and hollow fiber formats [2, 3, 9, 10] . PDMS is hydrophobic, making it well suited for the sorptive extraction and measurement of hydrophobic volatile and semivolatile organic compounds (VOCs and SVOCs) [11] . With GP-MIMS, analytes permeating the membrane must be volatile enough to allow their gas-phase transport from the membrane to the mass spectrometer. A variety of heating strategies have been developed to assist the volatilization of SVOC species, but for low to nonvolatile analytes, a better approach is to eliminate analyte volatility requirements, using a liquid acceptor phase (CP-MIMS) to transport analytes from the membrane [2, 3] . CP-MIMS is emerging as a viable approach for the on-line monitoring of low volatility analytes in complex aqueous samples. Most research has used membranes (predominantly PDMS) coupled with direct API sources such as electrospray (ESI) [5, 6, 8, 12] , sonic spray ionization (SSI) [13] , and atmospheric pressure chemical ionization (APCI) [3, 14] .
For analytes to permeate a membrane interface, they must first partition into the membrane from the sample. PDMS membranes are suitable for relatively hydrophobic analytes [3] and, in contrast, most API techniques (e.g., ESI) are better suited for polar, easily ionized analytes, yielding a potential 'mismatch' between sampling and ionization. Polycyclic aromatic hydrocarbons (PAHs) are an excellent example of an analyte class that illustrates this problem. PAHs are important environmental contaminants, known to be persistent in the environment, bioaccumulating in biota and exhibiting deleterious health effects. Several PAHs are currently identified and regulated as priority water pollutants by the USEPA [15] . They generally have low aqueous solubility and low volatility (Table 1 ) [16] , requiring very sensitive analytical methods for their effective measurement, often involving preconcentration [17] . Although PAHs are very hydrophobic (typical log K ow values in the 3-6 range [16] ), making them well suited for PDMS based MIMS measurements, their low volatilities make their direct, on-line measurement by GP-MIMS problematic. Thermally assisted GP-MIMS approaches have been used to measure selected PAHs [18] [19] [20] [21] . Although demonstrating potential on-line analytical capability for PAHs, eliminating the need for thermal desorption would simplify their measurement. The shorter response times and faster duty cycle possible with CP-MIMS for less volatile analytes yields superior real-time measurement capabilities.
Researchers have been working in a variety of areas to improve API approaches for PAHs. The Blades group has been using dopant assisted atmospheric pressure photoionization (DA-APPI) strategies [22] , Song et al. employed dopant assisted APCI using chlorobenzene for the successful ionization of PAHs [23] , and as another approach, Lien and co-workers coupled ESI with post column derivatization strategies [24] . In contrast, it is well known that PAHs are excellent analytes for mass spectral detection using electron ionization (EI). Typically, relatively simple mass spectra are obtained, with intense molecular ion signals [25] . Several researchers have been developing approaches to ionize trace level analytes directly from liquids using EI, including molecular beam based interfaces by the Amirav group [26, 27] and direct EI (DEI) by the Cappiello group [28] [29] [30] . With DEI, a low flow of liquid carrier is admitted directly to a heated EI source under high vacuum. Provided the liquid flow rate is low (ca. 400 nL/min), and the source temperature is high (e.g., ≥300°C), EI mass spectra are directly obtained for trace level analytes present in liquid samples. In a DEI interface, each substance entering the interface is converted into a beam of solute particles that is subsequently entrained to the EI source. The beam ends its travel on a hot source surface, where the particles are vaporized and molecules are released into the gas phase inside the ion volume [29] . The use of DEI is well suited for the ionization of PAHs and other nonpolar compounds, and was also chosen for this work because of its simplicity. It is not influenced by the co-elution of analytes or matrix components, making it a logical pairing with CP-MIMS, which directly analyzes co-permeating analytes.
There is a need develop sensitive and direct analytical capabilities for the real-time detection and quantitation of important environmental contaminants. In addition to providing an approach for rapid sample screening and on-line monitoring strategies, continuous measurement techniques can also be utilized to investigate dynamic processes in which chemical concentrations are changing over time, such as degradation, remediation, and binding studies. This manuscript reports the first coupling, characterization and use of CP-MIMS with DEI for the direct, on-line measurement of PAHs spiked at low ppb levels in complex sample matrices including river water, sea waters, and hydrocarbon extraction production waters. Linear calibration data, signal response times, and detection limits for low ppb levels of aqueous PAHs are presented, as is the realtime monitoring of PAH adsorption by graphitized carbon. were ACS grade or better and obtained as pure solids (naphthalene, anthracene, and pyrene, Sigma Aldrich, Milano, Italy) and also as a 100 ppm combined standard in acetonitrile (Dr. Ehrenstorfer GmBH, Milano, Italy). Solvents were HPLC grade (methanol and acetonitrile, VWR International PBI, Milano, Italy), and degassed via helium sparging (purity >99%; Air Liquide, Milano, Italy) when used as acceptor phases. Stock PAH solutions were prepared gravimetrically in methanol (unless noted), and were spiked in the samples tested using analytical syringes (Phenomenex, Bologna, Italy). High surface area graphitized carbon (Carbograph 4, 130 m 2 /g; LARA Laboratories, Rome, Italy) was used for the real-time adsorption experiments. Deionized water (DI) was obtained from a Millipore Water Purification system (Direct Q3; Merck-Millipore, Milan, Italy). Samples tested included sea water obtained from a local public beach (Pesaro, Italy), Venezia Canal water (also sea water) from an unnamed canal location within the city of Venice, Italy, river water from a local river (Pesaro River, Italy) and offshore drill rig production water from a regional off-shore natural gas and oil extraction drilling platform in the Adriatic sea. The Venezia Canal water and offshore drill rig production water were archived samples, stored unpreserved and unfiltered for greater than 4 mo at 4°C in sealed glass bottles. All aqueous environmental samples were filtered through 0.2 μm PTFE membrane syringe filters (Agilent, Waldbronn, Germany) prior to spiking and measurement, and were contained in 40 mL clear glass sample vials equipped with Teflon faced septa caps (EPA/VOA type; Scientific Specialties Inc., Hanover, MD, USA). Although it was expected that any trace levels of PAHs originally present in the stored samples would have been lost because of their extended storage [31] and filtering, these samples were utilized as examples of complex aqueous environmental sample matrices, and were spiked with low, detectable levels of PAHs for these studies. To perform a measurement, the screw cap on the vial was simply removed and the CP-MIMS probe was directly immersed in the sample, using a magnetic stir bar and mixing plate (VEPL Scientifica, Monza-Brianza, Italy) to ensure adequate mixing. The CP-MIMS probes used for this work were constructed using 2 cm lengths of 170 μm thick (0.64 mm o.d., 0.30 mm i.d.) PDMS hollow fiber membrane (HFM) stock, unless otherwise noted, mounted on a 'J-Probe' type MIMS interface, whose construction details have been previously described [7, 8] . For the multi-PAH detection demonstration presented ( Figure 5 ), a thin (500 nm) supported PDMS membrane equipped 'J-Probe' interface was used, constructed as described elsewhere [8] . A schematic of the complete CP-MIMS-DEI system is given in Figure 1 .
A modified capillary HPLC pumping system (Agilent Model 1100 HPLC pump; Santa Clara, CA, USA) was employed as an in-line acceptor phase pump, operated at a flow rate of 200 μL/min. Modifications included reducing the diameter and complexity of the solvent inlet lines, replacing them with a 0. 4 Figure 1 . Schematic of experimental apparatus Canada) that directly connected the CP-MIMS probe to the inlet port of one pump head. In this manner, mixing and dilution of the post-membrane acceptor phase flow was minimized. The HPLC pump pulse dampener and low internal volume 0.5 μm in-line filter of the HPLC pump were directly connected to the pump head exit port to help stabilize the acceptor phase flow rate, and to prevent any fine particulates from blocking the DEI capillary. To provide additional flow restriction for stable pumping, a 0.5 m long, 50 μm i. As a crude gauge of flow rate through the DEI capillary, DI water was pumped through the splitter, and was weighed as a function of time using a four decimal place analytical balance (A&D Weighing, San Jose, CA, USA). For flow rate determinations, the DEI capillary was removed from the ion source and maintained at ambient conditions, collecting the delivered DI water in a capped microcentrifuge tube. After flow rate measurements, the PEEKSil capillary was reinstalled in the mass spectrometer ion source, and a stable acceptor phase flow from the CP-MIMS interface assessed by monitoring the MS vacuum.
The DEI interface configuration used for these experiments has been described elsewhere [29] . The core of the interface is represented by the nebulizer, which consists of a 25 μm i.d. fused PEEKSil capillary. The use of this PEEK coated capillary ensured the necessary thermal insulation needed to prevent the premature evaporation of solvent within the capillary. Premature solvent evaporation (within the capillary) results in liquid sputtering and unstable nebulization, yielding unstable analytical performance, and can lead to analyte precipitation and subsequent capillary blockage.
The mass spectrometer used for the majority of this work was an EI triple quadrupole system (model 7000A QqQ; Agilent Technologies, Santa Clara, CA, USA), specifically modified for DEI operation. The ion source temperature was set at 300°C to quickly convert solutes into the gas phase. The system was operated in SIM mode (1000 ms dwell time for each m/z), detecting intact molecular ions of the target PAHs. Table 1 gives the mass acquisition parameters as well as physicochemical properties for the target PAHs. Although both tandem mass spectrometry and SIM were evaluated, at the time of the study, SIM gave better overall sensitivity, and was used for the presented work. For the multiple PAH detection demonstration, (Figure 5 ), an EI single quadrupole MS system was utilized (model 5975B Inert MSD; Agilent Technologies), operated at a base pressure of 35 μTorr and with an ion source temperature of 350°C.
Results and Discussion
A fixed flow splitter was constructed to step down the membrane acceptor solvent flow rate about 500× from~200 μL/min at the membrane to~400 nL/min at the DEI source. When the DEI interface was operated at 400 nL/min methanol flow, the observed vacuum levels were 11.2 (±0.1) mTorr (mechanical rough pump) and 70 μTorr (manifold base pressure). For all subsequent CP-MIMS-DEI experiments, vacuum was continuously monitored as an indicator of stable DEI interface operation.
The use of both methanol and acetonitrile as acceptor phases were evaluated for the system. In these experiments, the CP-MIMS probe was inserted into 39 mL of stirred DI water, and monitored at m/z 128 to ensure a stable baseline. Naphthalene (430 ppb) was spiked into the sample, and the resulting signal chronogram recorded until steady state was established. The probe was then removed from the sample and washed with 39 mL of stirred methanol until baseline signals were reestablished. Although both solvents gave significant signals for 430 ppb naphthalene (Supplementary Information Figure S1 ), the signals observed for acetonitrile were 60% of the levels observed for methanol. This is consistent with other DEI studies, where the relative signal response for analytes was less when acetonitrile was used as a solvent instead of methanol [29] . Based upon these observations, methanol was used as the acceptor phase for all subsequent work.
To assess analytical sensitivity and linearity, calibration curves were generated for combined aqueous PAH standards ranging from 4 ppb to 18 ppm. Good linear calibrations were Figure S2 ). The lowest measured concentrations demonstrated S/N ratios of ≥3, defining the measured limit of linearity and detection limits for the current system. It is expected that further reductions of detection limits are possible by reducing the acceptor phase flow rate, or by utilizing a 'stopped-flow' CP-MIMS approach [5] [6] [7] [8] . The signal response times, limited by membrane permeation kinetics, ranged from 2.8 min for naphthalene to 4.7 min for pyrene, consistent with an increase in molar volume and subsequent decrease in diffusion coefficients. The concomitant signal decay times (i.e., washout times) are faster (than observed for DI water) when the membrane probe was washed with methanol, consistent with previously published work [6] . MIMS signal response times can be further reduced by employing thinner PDMS membranes. Both anthracene and pyrene have very low aqueous solubilities (Table 1) , thus limiting their linear dynamic range (Table 2) . When the signals for aqueous solutions beyond the saturation limit are fitted with a linear regression trend line, its intersection with the calibration curve defines the aqueous solubility limit. As an example, the experimental solubility plot for aqueous pyrene is given in Figure 2 , identifying the solubility limit as 135 ppb, in excellent agreement with the literature value ( Table 1) .
The reproducibility of aqueous PAH measurements was evaluated for both intra-and interday measurements. For each intraday measurement, the CP-MIMS probe was immersed in a fresh 39 mL DI water sample for 5 min to establish a stable baseline, followed by the injection of a combined analyte spike (85 ppb of each). The signals were observed for 15 min, followed by a methanol wash until signals returned to baseline levels. Figure 3a illustrates the results obtained for the intraday experiment. Satisfactory signal reproducibility was observed, with low measured RSD values (<3%). In a similar interday reproducibility study, the analytical signals obtained for 430 ppb naphthalene spikes in DI water for experiments conducted over 3 consecutive days yielded an overall RSD of 5%. Data for anthracene was not included in either study, as the concentration of the anthracene spike exceeded its aqueous solubility limit.
DEI has been shown to be less prone to matrix effects for direct mixture analyses [30] . When coupled with CP-MIMS, for complex samples, we observe better results (e.g., less signal reduction) than typically obtained using ESI ionization [5, 7] . We attribute this to the PDMS HFMs selectivity for hydrophobic analytes and exclusion of ionic matrix components (e.g., salts) from the acceptor phase. To evaluate potential CP-MIMS-DEI signal reduction from matrix effects, a variety of 'real' environmental samples (39 mL) spiked with naphthalene (430 ppb) were analyzed, including natural river water, several sea water samples, and a highly contaminated production water from an offshore drilling rig. Figure 3b illustrates typical data obtained for a variety of spiked sample matrices. It is evident The pyrene signal chronogram is offset by 1000 for clarity; (b) signal comparison for the direct measurement of aqueous naphthalene spiked at 430 ppb in a variety of complex sample matrices (DI is deionized water, RW is river water, SW is sea water, CW is Venezia Canal water, PW is offshore drilling rig production water). Between each measurement, the CP-MIMS probe was washed with methanol until baseline signals were achieved from this simple study that loss of analytical signal in complex samples is not significant, with calculated signal reductions from matrix effects [32] based upon background corrected signal intensities ranging from 81% to 104% (Table 3) . Although the canal and drill rig water samples exhibit moderate signal reductions, the advantage of the technique as a direct, on-line measurement for 'difficult' sample matrices with no clean up, dilutions, or chromatographic separation steps is significant.
To demonstrate CP-MIMS-DEI as a direct, 'real-time' analytical technique, it was used as an on-line monitor for the adsorption of PAHs on high surface area graphitized carbon (130 m 2 /g) in a heterogeneous sample. In this study, aqueous PAH concentration changes were continuously monitored in a slurry prepared by the addition of 500 mg of high surface area graphitized carbon to an aqueous solution containing 430 ppb of naphthalene, anthracene, and pyrene in 39 mL of DI water. The observed signal for each PAH decreases to baseline levels within minutes, consistent with a decrease in the free solution concentration of PAHs as they are adsorbed on the carbon (Figure 4) . The data suggests that CP-MIMS-DEI can be used to directly monitor temporal changes in PAH concentration at trace levels in heterogeneous aqueous systems. No attempt is made to interpret the kinetics for the graphitized carbon adsorption, as some compounds were added above their solubility limit, and decay kinetics are further confounded by a combination of membrane transport and adsorption kinetics. Nonetheless, this experiment demonstrates the feasibility of the technique as a direct, continuous monitoring strategy for free PAH concentrations at trace levels in heterogeneous and complex samples. Membrane transport kinetics are limited by HFM wall thickness, and thinner PDMS membranes enable faster analytical response times and greater temporal resolution [8] .
As a final demonstration, a combined suite of 13 PAHs, ranging in size from naphthalene (m/z 128) to benzo[-g,h,i]perylene (m/z 276), in dilute aqueous solution (low ppb range) was interrogated by CP-MIMS-DEI. To improve the analytical performance (for the larger PAHs), a thin (500 nm), supported PDMS HFM was employed for this study. Figure 5 shows 20 min chronograms for eight individual SIM scans (offset for clarity). A combined suite of PAHs (in acetonitrile) was spiked into a stirred aqueous solution yielding total spiked concentration of 256 ppb (each). For compounds larger than phenanthrene, the aqueous concentration will be considerably less, as dictated by the aqueous solubility limit ( Table 1) . As an example, the aggregate sum concentration based upon solubility for indeno [1,2,3-cd] pyrene and benzo[g,h,i]perylene (m/z 276) is ca. 0.5 ppb, suggesting that the thinner membrane is affording better sensitivity for these sparingly soluble analytes. For the PAHs ranging in size from naphthalene to pyrene, the mass spectrometer signals rise sharply and reach steady state w i t h i n 2 -3 m i n . T h e s i g n a l s f o r c h r y s e n e t o benzo[g,h,i]perylene show a slower rise, on the order of 5-10 min, which, in addition to slower membrane permeation kinetics, may be due to their slower volatilization in the heated ion source. It appears that the higher the PAH boiling point, the slower its subsequent release into the gas phase, and this may explain the results obtained with the larger PAHs. Although not available at the time of this study, a ceramic coated DEI ion source improves the DEI measurement of high molecular weight PAHs [33] . It should be noted that PAH isomers with the same m/z (e.g., phenanthrene and anthracene) are not resolved by this method and quantitation requires an aggregated approach. The aim of this study was to demonstrate the feasibility of CP-MIMS using DEI for the on-line, simultaneous detection of trace level PAHs in aqueous samples with nominal mass resolution. There is significant value in the rapid, quantitative prescreening of samples prior to speciated measurements with standard methods such as solid phase microextraction followed by GC-MS [17] , allowing the targeted analysis of contaminated samples and exclusion of prescreen non-detects, saving time and reducing overall cost. As future alternatives for speciated and unbiased direct PAH measurements in complex, real-world samples, high resolution mass spectrometry may be used to mitigate nominal mass isobaric interferences for other matrix components [34] , chemical ionization (CI) approaches could affect PAH isomer differentiation [35] , and MS/MS used to differentiate alkylated PAHs [24] .
Conclusions
The first demonstration of CP-MIMS coupled with DEI for the direct, on-line measurement of low ppb levels of PAHs in aqueous samples is presented and characterized. Methanol was observed to be a better acceptor phase than acetonitrile. Measured detection limits of 4 ppb for the direct measurement of naphthalene, anthracene, and pyrene in aqueous samples have been achieved, with t 10%-90% signal rise times ranging from 2.8 min for naphthalene to 4.7 minsfor pyrene. Good linear calibration is demonstrated for the target PAH analytes at concentration levels below their aqueous solubility limits. The direct detection of PAHs spiked in a variety of complex aqueous environmental samples (river water, sea waters, and offshore hydrocarbon drilling rig production water) at low ppb levels is possible with CP-MIMS-DEI, with minimal observed signal reduction from sample matrix effects (81%-104%). We demonstrate the feasibility of the technique as a continuous, online monitoring strategy for trace aqueous PAH concentrations in a heterogeneous and complex samples, illustrating the potential use of the technique to monitor degradation kinetics, remediation processes, binding, and bioavailability studies. Finally, the on-line, simultaneous detection of multiple PAHs in an aqueous sample is presented. The lack of sample handling and clean-up requirements are amenable to adapting CP-MIMS-DEI for in-field, rapid screening applications. Future work includes improving further the detection limits, and expanding the range of possible analytes (e.g., PCBs, dioxins) that can be detected. This will include the development of improved membrane interface designs to accommodate lower acceptor flow rates, the continued use of thinner membranes, incorporation of on-line internal standard infusion strategies [7] , as well as the use of EI source modifications to facilitate successful measurements of analytes with very low vapor pressures [33] .
